Background. Postmenopausal women have unique sociobiological human immunodeficiency virus (HIV) risks. We evaluated the safety, pharmacokinetics, and acceptability of a microbicide dapivirine (DPV) vaginal ring (VR) versus placebo in postmenopausal women.
In 2015, 36.7 million people worldwide were living with human immunodeficiency virus (HIV), of whom 2.5 million were women aged 50 and older [1] . In the United States (US), 17% of people diagnosed with HIV in 2014 were aged 50 and older, 27% of whom were women [2, 3] . Older women have unique sociobiological risk factors for HIV acquisition. For example, older women may not be using safe sex practices because they do not need condoms for contraception or may find it embarrassing or difficult to obtain condoms [2, 4] . They may have new sexual partners due to relationship changes, for example, divorced or widowed [5] .
Postmenopausal women may be at higher biological risk for HIV due to increased CCR5 expression in the cervix and decreased anti-human immunodeficiency virus type 1 (HIV-1) innate activity [6] [7] [8] . Reductions in immune mediators such as secretory leukocyte proteinase inhibitor, human β-defensin-2, MIP-3-α, and tumor necrosis factor-α have been observed in cervicovaginal lavages (CVLs) from postmenopausal women, which may be associated with increased risk for HIV acquisition [9] . Urogenital changes such as vaginal atrophy and vaginal dryness could increase possible trauma during intercourse, further increasing the risk of sexually transmitted infection (STI) acquisition [10] . Thus, it is critical to examine HIV prevention methods in postmenopausal women due to their unique risk factors for HIV acquisition.
Prior clinical trials evaluated microbicides, topically-applied products to prevent sexual acquisition of HIV through preexposure prophylaxis (PrEP), in reproductive-age women.
Because lower adherence has been associated with higher rates of HIV acquisition in clinical trials [11] [12] [13] , vaginal rings (VRs) providing sustained drug release are promising for increased adherence compared to products requiring daily dosing.
Dapivirine (DPV), a non-nucleoside reverse transcriptase inhibitor, has been studied in VR, gel, and film formulations to prevent HIV acquisition [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . With the proven effectiveness of DPV rings in reducing HIV acquisition in reproductive-age women [14, 15] , the next step includes examining DPV VR use in postmenopausal women. This study evaluated the safety, pharmacokinetics (PK), and acceptability of DPV rings compared to placebo in postmenopausal US women.
METHODS

Study Design
MTN-024/IPM 031 was a phase 2a multisite, double-blind randomized trial evaluating VRs containing 25 mg DPV or placebo in postmenopausal women. Women used monthly rings continuously over 12 weeks, followed by 1 week off-product. We conducted the study at University of Alabama at Birmingham (Birmingham, AL), Case Western Reserve University (Cleveland, OH) and University of Pittsburgh (Pittsburgh, PA). All sites received local institutional review board approval.
The DPV VR is an off-white, flexible ring (56 mm outer diameter × 7.7 mm cross-sectional diameter) containing 25 mg DPV dispersed in a platinum-catalyzed-cured silicone matrix designed for sustained drug release over 28 days. The placebo VR contained the same inactive components with USP titanium dioxide added as a colorant for blinding.
The primary objective was to assess the safety of VRs in postmenopausal women over 12 weeks of use. Safety was evaluated as the proportion of women with grade 2 or higher related genital, genitourinary, and reproductive system adverse events (AEs) and proportion of women with any grade 3 or higher AEs, using the Division of AIDS Table for Grading the Severity of Adult  and Pediatric Adverse Events and Addendum 1 (Female Genital  Grading Table for Use in Microbicide Studies) [16, 17] . A secondary objective was to assess DPV concentrations in plasma, vaginal fluid (VF), and cervical tissue. Acceptability questions (4-point Likert scale) were collected by Computer Assisted SelfInterview at study end. Exploratory objectives included residual DPV levels in returned VRs, pharmacokinetic/pharmacodynamic (PK/PD) correlations using CVL, and flow cytometric analysis of endocervical cells.
Eligible women were aged 45-65, postmenopausal (defined as amenorrheic for the past 12 months or ≥6 months postbilateral oophorectomy), had a follicle-stimulating hormone level of ≥40 mIU/mL, and in general good health. Major exclusion criteria included: CYP3A inducer and/or inhibitor use; chronic or recurrent candidiasis; significant blood chemistry or hematology abnormalities; STI requiring treatment; clinically apparent grade 2 or higher gynecological abnormalities; or severe pelvic organ prolapse. Women diagnosed with an STI at screening could enroll after completing treatment if all symptoms resolved within the 45-day screening period.
After women provided written informed consent and underwent screening evaluations, we randomized eligible participants to a DPV or placebo VR in a 3:1 ratio. The participants self-inserted the ring, followed by a clinical pelvic exam to check ring placement. Participants returned at weeks 4, 8, and 12 for a visual inspection of the vagina and cervix to assess for epithelial changes [18] . Women received new VRs at weeks 4 and 8. We collected used VRs for residual drug levels at weeks 4, 8, and 12. We assessed ring adherence (ring never out) using an interviewer-administered case report form. Women received follow-up phone calls for AE assessment at weeks 1 and 13.
We obtained plasma for PK at weeks 4, 8, and 12 in all participants (N = 96). We collected CVL for PD at enrollment and weeks 4 and 12.
In women with a cervix, we collected endocervical cytobrushes for flow cytometry at enrollment and week 12 (Cleveland and Pittsburgh only). At all sites, we collected VF via swab for PK at weeks 4, 8, and 12 for women opting into a PK subset (n = 45). These women could opt into an intensive-PK subset (n = 15), which involved 2 cervical biopsies for tissue PK immediately after ring removal at week 12. For PK testing, net biopsy weights were recorded, and biopsies were immediately snap frozen and stored at ≤−70°C.
Sample Size and Randomization
The sample size of 96 women (DPV: 72; placebo: 24) was based on the size of similar phase 2a studies of vaginal microbicide products. The 3:1 ratio of DPV to placebo allowed for collection of additional safety endpoints in the drug arm while maintaining blinding between arms. PK endpoints at weeks 4, 8, and 12 (approximately 28 days after each ring was inserted) were intended to represent approximate steady-state concentrations. Behavioral, clinical, and laboratory data collection was conducted as in prior DPV ring studies to allow comparison of DPV PK and other endpoints between postmenopausal women and reproductive-age women from prior studies [19, 20] . The PK and intensive-PK subsets used a sparse sampling approach to provide a richer data set of female genital tract sampling while balancing feasible logistical complexity.
The Statistical Data Management Center generated randomization lists for each site. Each list contained 3 permutated blocks of size 8 for assignment to each study arm. Study sites received sequentially numbered, opaque, sealed envelopes containing prescriptions printed with the corresponding randomization number. VRs were supplied in identical overwrappers. Study staff, participants, and pharmacists were blinded to the random assignments of all participants.
Laboratory Methods
We quantified DPV concentrations in plasma, VF, and CVL using validated, previously described, liquid chromatographic-tandem mass spectrometric (LC-MS/MS) methods [21, 22] .
The lower limits of quantification (LLOQ) for DPV in plasma and CVL were 20 pg/mL and 2 ng/mL, respectively. The LLOQs for VF and tissue were 0.25 ng/swab and 0.05 ng/sample, respectively. When normalized to fluid or biopsy weights, median LLOQs were 0.007 ng/mg and 0.004 ng/mg, respectively. Residual drug analysis for DPV was performed as previously described [23] . Samples were analyzed by high performance liquid chromatography.
We tested CVL samples for anti-HIV activity using a TZM-bl assay [6, 24, 25] . CVL samples were clarified by centrifugation, and aliquots were made and stored at ≤-70°C until tested. Two dilutions of each CVL were tested in triplicate along with HIV-1 BaL . Anti-HIV activity was measured by luminescent assay (BrightGlo; Promega Corp., Madison, WI). Inhibition was determined based on deviations from the HIV-1-only controls and presented as the percent inhibition. DPV concentrations were quantified in CVL samples for PK/PD analysis.
After endocervical cytobrush collection, mucosal immune cells were isolated by placing cytobrushes into RPMI (with 1.125 μg/mL of amphotericin B and 0.5 mg/mL of piperacillin-tazobactam [Sigma-Aldrich, St. Louis, MO]) and delivered directly to the processing lab or shipped overnight for processing. Cervical mononuclear cells were analyzed as previously described [26] . All data were collected with BD FACSDIVA operating system and analyzed using FlowJo (Tree Star Inc. Ashland, OR).
Statistical Analysis
For the primary AE endpoints, we compared the DPV arm to placebo using Fisher's exact test. We analyzed demographics, ring adherence, acceptability, and DPV concentrations in plasma, VF, and cervical tissue using descriptive statistics. Mean DPV concentrations in plasma and VF across the 3 time points (weeks 4, 8, and 12) were compared using repeated measures analysis of variance. Median concentrations over time were analyzed using the Jonckheere-Terpstra test. We also evaluated predictors of DPV plasma levels using a generalized estimating equation with an exchangeable correlation matrix, adjusting for repeated measures, with visit, race, and/or mean body mass index (BMI) as predictors.
For the CVL PD, we analyzed anti-HIV activity by arm over time (weeks 0, 4, and 12) using a generalized estimating equations method with an exchangeable correlation structure and robust standard error. The CVL PK/PD correlation was assessed by fitting the Hill equation to the anti-HIV activity (arcsine-transformed) and the DPV concentration in CVL from the participants in the active arm (log-transformed).
For the flow cytometry analysis, we compared baseline and week 12 results using the Wilcoxon signed rank test, and between placebo and DPV for each cell subset using the Wilcoxon rank sum test. We excluded 1 participant in the placebo arm for whom paired data were not available (missed time point). P-value adjustment was performed using the false discovery rate adjustment, and significance was assessed at a 10% threshold.
RESULTS
We enrolled 96 women (32 per clinical site) between December 2013 and January 2015. All randomized women were eligible for primary safety outcome analysis (Figure 1) . Mean age at enrollment was 56.8 years (standard deviation [SD] 4.1; Table 1 ). Most women (78/96, 81.2%) underwent spontaneous menopause. For 12 women, age at time of menopause was not evaluable, for example, due to having undergone endometrial ablation or hysterectomy with ovary(ies) in situ. For participants with evaluable menopausal age (n = 84), mean age of menopause was 49.3 (SD 4.8).
Visit-specific retention was 97% to 100% (Table 1) . Four participants did not complete the study. In the DPV arm, 1 participant missed the week 13 phone call, and 1 participant was withdrawn after week 4 due to noncompliance with study protocol due to repeatedly removing the ring for grade 3 vaginal pain without notifying the study team. In the placebo arm, 1 participant missed the week 12 visit but completed the week 13 call, and 1 participant relocated after week 8. There were 6 protocol-required product holds for 5 women (DPV [n = 3]: vaginal abrasion/cervical friability, vulvovaginitis, cervicovaginal erythema; placebo (n = 2): cervical friability, vaginal erythema), all due to AEs that resolved. Two women in the DPV arm declined to resume study product; 1 participant experienced grade 2 cervical friability and grade 1 vaginal abrasion, and 1 participant experienced grade 2 vulvovaginitis.
Safety Assessment
Pharmacokinetic Analysis
We found no trend in median DPV concentrations in plasma (P = .53) or VF (P = .80) over 12 weeks (Table 2) although high inter-participant variability was observed. We found a slight increase in mean plasma DPV concentrations from 273.5 pg/ mL at week 4 to 298.2 pg/mL at week 12 that could indicate a trend over time (P = .022); no difference in mean VF DPV Data are in mean (standard deviation) or n (%) unless otherwise specified.
Abbreviation: SD, standard deviation. a Participants with evaluable menopausal age. For some women, age of menopause could not be evaluated, eg, due to having undergone a hysterectomy with ovary(ies) intact or endometrial ablation.
concentrations (P = .56) was found. The VF DPV concentrations exceeded the in vitro 50% effective concentration (EC 50 ) (2 nM) by more than 5000-fold by week 4 and remained constant through week 12 [25] . When evaluating predictors of DPV plasma levels, neither race nor BMI had a significant effect. Dapivirine was detectable in only 5 of the 10 women enrolled in the DPV arm who underwent cervical biopsies. The mean DPV tissue concentration was 2.49 ng/mg (range 0.33-10.10 ng/mg), and the median DPV concentration was 0.60 ng/ mg (interquartile range [IQR] 0.51, 0.91) in these 5 women. Median biopsy weights were 36% lower for cervical tissue specimens with undetectable DPV concentrations compared to specimens with detectable DPV (11.5 mg vs. 15.6 mg, P = .42). Within the intensive-PK cohort, lack of DPV quantification in tissue did not correlate with lower plasma (P = .69) or VF (P = .15) drug concentrations though power is limited by the small sample size.
Adherence, Residual DPV Levels in Returned VRs, and Acceptability
Most participants in the DPV arm reported being fully adherent (ring never out) during the study: 81% at week 4 and ≥90% at weeks 8 and 12 (Table 3 ). The median residual DPV level of returned VRs was 21 mg throughout the study (Table 3) . For women with undetectable DPV concentrations in cervical biopsies, residual DPV ring levels ranged from 20.5 to 21.8 mg with no difference in median residual DPV levels in women with detectable vs. undetectable cervical tissue DPV (21.4 vs. 20.9 mg, P = .14). VR acceptability at exit was high with 91% stating they "very much liked or liked" the VR, and 65% indicated that they preferred VR to condoms (Table 3) .
Anti-HIV Activity in CVL
We found a statistically significant difference in anti-HIV activity in CVL between the DPV and placebo ring arms at week 4 (P < .0001) and week 12 (P < .0001) (Figure 2) . The mean % anti-HIV activity at weeks 4 and 12 were 76.2 (SD 11.1) and 86.7 Figure 3 ).
Flow Cytometry Analysis
We collected endocervical specimens for flow cytometry in 43 and 13 women in the DPV and placebo arms, respectively. Figure 4 depicts the distribution of the difference in percent cells between week 12 and baseline by study arm, faceted by cell subset and parent. We found no difference for each cell subset between week 12 and baseline in the DPV arm or across arms. CD3+ viable cells showed a significant difference of 8% between the 2 visits in the placebo arm, but this was not statistically significant when adjusting for multiple testing.
DISCUSSION
DPV VRs were safe, well tolerated, well used, and acceptable in postmenopausal women. CVL after ring use demonstrated a concentration-response relationship in ex vivo anti-HIV activity. Reassuringly, product use was not associated with any significant change in T-cell phenotype. Specifically, there was no increase in T-cell activation or expression of the CCR5 HIV coreceptor, cell phenotype changes that might be associated with increased risk of HIV infection. With the proven effectiveness of DPV VRs in reducing HIV-1 acquisition in reproductive-age women [14, 15] , these findings are promising for DPV ring use for HIV prevention in postmenopausal women. Although most AEs were mild or moderate, 2 women chose not to continue VR use due to reproductive system AEs. Because participants likely had hypoestrogenic genital tract changes such as vaginal atrophy due to menopause, a multipurpose prevention product such as a vaginal microbicide combined with vaginal estrogen to treat vaginal atrophy could potentially improve product tolerance.
A slight increase in mean plasma DPV concentrations over time was observed. However, there were no temporal differences with regards to median plasma DPV concentrations or mean and median VF DPV concentrations; thus, this finding may be due to outliers in the plasma DPV samples. Despite the wide variability, the mean plasma DPV concentration in this study (273 pg/mL at 28 days) was comparable to the means found in reproductive-age women from prior studies (217.5 to 260 pg/mL at 28 days) [19, 20] . The median plasma DPV concentration of 268.0 pg/mL was also similar to the median DPV concentration in reproductive-age women (264 pg/mL) [15] . In comparison to reproductive-age women where DPV concentrations were quantifiable in all DPV users [20, 27] , only half of the cervical tissue specimens in this study had DPV concentrations above LLOQ. However, median biopsy weights were 36% lower for cervical tissue specimens with undetectable DPV; thus, the undetectable DPV concentrations in cervical tissue may be due to small biopsy specimens. Because DPV was detectable in both plasma and VF in women with undetectable DPV cervical tissue concentrations and residual ring DPV content were comparable in women with and without detectable DPV cervical tissue concentrations, clinicians may have been more tentative in obtaining cervical biopsies in postmenopausal women, resulting in smaller specimens that were below LLOQ.
Alternatively, there may be differences in drug permeability or transporters in the vaginas of postmenopausal women resulting in different plasma:tissue concentrations of DPV. For example, postmenopausal women have been found to have decreased ABCB1 (P-glycoprotein) expression in the vagina compared to premenopausal women [28] . Differences in drug transporter expression by phase of estrous cycle have been seen in a mouse model [29] . Changes in uptake or efflux drug transporters may have resulted in our findings of decreased DPV concentrations in cervical tissue; however, the drug transporters involved in DPV distribution 
